The structure and properties of multi-rod Cu-Nb composites with the true strain of 10.2 and 12.5 have been studied by TEM, SEM and microhardness measurements. The non-uniform distribution of Nb ribbons throughout the composite cross sections was revealed, at higher strain their structure being more dispersed. In both wires the Cu/Nb interfaces are partly coherent, and the Nb lattice is more distorted at interfaces than in the bulk. The behavior at heating was studied in the temperature range of 300-800 о С. In the range of 600-800 o C complete coagulation of Nb filaments accompanied with drastic microhardness drop is observed. The thermal stability of Cu-Nb nanocomposites is higher than that of Nb and Cu nanostructured by SPD.
Introduction
Nanostructured in situ Cu-Nb wires are perspective electro-technical materials possessing unique combination of high mechanical strength (ultimate tensile strength higher than 1100 MPa) and high conductivity (higher than 70% IACS * ) [1] . The main driving force for the development of these wires is their application in the windings of extremely high pulse magnets, where huge electromagnetic forces are exerted on the wires [2] . Different types of nanocomposite Cu-Nb wires, processed by repeated drawing of in situ melted mixture of copper and niobium or by accumulative drawing and bundling of Nb filaments embedded in Cu matrix, have been developed at the Bochvar Institute [2] [3] [4] . In course of strong plastic deformation Nb dendrites are aligned along the wire axis and acquire the ribbon-like shape, and at the true strains higher than 10 their thickness and distances between them in Cu matrix decrease below 100 nm, this nanostructuring resulting in a very high tensile strength, well above the rule of mixtures predictions [5, 6] . It has been well-established by now that the determining role in the attainment of anomalous properties of nanomaterials is played by their internal interfaces [7] . In a number of studies it is demonstrated, that in the in situ Cu-Nb composites interfaces are semi-coherent and partly amorphous [8] [9] [10] [11] , whereas the impact of texture on their strengthening and deformation mechanisms is revealed in [12] [13] [14] [15] . According to [16] , the structure and properties of Cu-Nb multi-core nanocomposites, fabricated at the Bochvar Institute of Inorganic Materials, are stable at room temperature for several years and do not degrade at heating up to 200 о С, whereas at annealing higher than 500 о С considerable decrease of mechanical strength due to coagulation of Nb ribbons was found. The goal of the present study was to study the structure of multi-core Cu-Nb composites cold drawn to the true strains of 10.2 and 12.5, to investigate their behavior at heating and to compare their thermal stability with that of Nb and Cu nanostructured by severe plastic deformation (SPD). copper (99.99%) and electron-beam melted niobium, extruded, re-melted, machined, placed into a copper can, evacuated, sealed, extruded to 30 mm diameter rods and drawn, then assembled and drawn again several times. The specimens under study were a cylindrical rod with the diameter of 15.4 mm (the total true strain e = 10.2 † ), denoted as Sample 1, and a rectangular rod with the crosssection of 3 × 5.8 mm (the total true strain of 12.5), denoted as Sample 2. To study the thermal stability of the structures obtained the specimens were annealed in the temperature range of 300-800ºС for 1 h in the vacuum. The structure of deformed and annealed specimens was studied in transverse and longitudinal sections in an optical microscope NEOPHOT-21, transmission electron microscope JEM-200CX and scanning electron microscope Quanta-200. Microhardness was measured by a special unit in the optical microscope NEOPHOT-21 and calculated as H = 18192·P/L 2 , MPa, where P is the load in grams, and L is the indentation diagonal in µm. Every value of L was calculated as an average of not less than 9 indentations.
Results and discussion
Transverse sections of Sample 1 are shown in Fig. 1 . The following peculiarities should be mentioned. During the multiple assembling and drawing the strain is not uniform throughout a transverse section. In the central part the Cu-Nb strands retain the regular hexagonal shape, whereas in the periphery, near external Cu cladding, they are markedly distorted ( Fig. 1a ). Within every strand one can see interlacing brighter and darker rings ( Fig. 1b ). According to the microanalysis, the brighter rings are more densely populated with Nb filaments. And the main specific feature of the in situ Cu-Nb composites is the curved and intricate morphology of Nb filaments proper ( Fig.  1c, d ). It was observed in numerous studies [3] [4] [5] [6] [10] [11] [12] [13] [14] [15] [16] [17] and is attributed to the multiple slip systems in the BCC Nb, dislocation interaction in different slip systems and to the impact of the FCC Cu matrix. The Nb filaments thicknesses in this sample are widely scattered from 20 to 120 nm. Fig. 2 . The strands are even more distorted than in the cylindrical rod, especially those along the rectangular diagonals ( Fig. 2a ). The non-uniform distribution of Nb filaments in every strand is also obvious, as darker and brighter rings are clearly seen ( Fig. 2b ). With the growth of the total true strain the ribbon-like Nb filaments get thinner, their thicknesses ranging from 20 to 70 nm, but their intricate curved morphology is retained (Fig 2c,d) . In the longitudinal sections it is seen that Nb filaments are well aligned along the drawing direction ( Fig. 2e-g) , but when the Cu matrix is completely etched out they are entangled because of high internal stresses ( Fig. 2h ). Along with the aligned ribbon-like filaments in the longitudinal sections one can see fine round particles ( Fig. 2f, g) . As indicated by the microanalysis, it is not another phase, but pure Nb as well. The presence of these particles may be explained as follows. In the as-cast Cu-Nb alloys the Nb dendrites branch out up to the third generation. At drawing the dendrite arms elongate and align along the drawing direction. With the strain growth they get thinner and acquire the ribbon-like shape, but the secondary and tertiary arms start to align and deform later, and the round edges of some of them could be torn and retain the shape of small round particles [18] . † True strain e = lnA 0 /A f , where A 0 and A f are the initial and final cross sectional areas, respectively a b c d
Advanced Diffusion Processes and Phenomena
The results of TEM studies are shown in Figs. 3-4 . In the transverse sections of the cylindrical Sample 1 one can see curled Nb ribbons bending around the relatively coarse Cu grains (Fig. 3a, b) . The Nb filaments are darker than Cu matrix, as they are less transparent, and in the electron diffraction patterns (EDPs) the reflections of Cu are dominating. They are bright and aligned in the corresponding Debye rings (Fig. 3a , insert) or represent one of the reciprocal lattice planes (Fig. 3c,  insert) . The Nb reflections are weaker and blurred because of high internal stresses in the filaments. The thickness of Nb filaments is 20-40 nm, and they consist of three layers. The central layer is brighter and the edge layers are darker. It may be suggested that the central part of the ribbons is less defected, and at the interfaces with Cu matrix the level of internal stresses and defects is higher due to their interaction with Cu matrix. This suggestion is in agreement with the data by Deng et al. [15] , who demonstrated that Nb grains are more curved and distorted at the interfaces than in the bulk. Along with the ribbon-like filaments, some round Nb particles are observed in TEM images (shown by arrows in Figs. 3a, b ), their origin being explained above, as they were also observed by SEM. The Cu grains are coarse, the sizes of 200-300 nm, they have polyhedral shape and low dislocation density. It is well known that in such composites Cu matrix undergoes dynamic recrystallization at multiple cold drawing [13, 14, 17, 19] , which results in the structure observed. The same specific features of the structure are observed in the rectangular Sample 2, which has a higher true strain. The ribbon-like Nb filaments are intricately curved and are somewhat more dispersed, than in the previous sample (Fig. 4a,b) . In all the EDPs there are Debye rings with bright strong reflections of Cu and weak blurred reflections of Nb. The reflections corresponding to (110) Nb exhibit a diffuse halo ring (Fig. 4c , shown by an arrow). Sauvage with coauthors [10] attribute this ring to the amorphous phase located at Cu/Nb interfaces. The formation of amorphous or glassy areas in Nb filaments with enhanced content of Cu was also observed in [11] .
In longitudinal sections thin Nb filaments interlaced with Cu layers are observed (Fig. 4d) . Nb grains possess a relatively high dislocation density, the dislocations concentrating mainly in fine blocks the size of about 10 nm (Fig. 4e ). They are markedly elongated along the drawing axis coinciding with <110> Nb and <111> Cu directions, which is a typical fiber texture for these composites [12] [13] [14] [15] , but between these directions there is always an angle of about 2-5° (Fig. 4f ). According to [9] , this misorientation indicates that Cu/Nb interfaces are semi-coherent. It is interesting to note that in the majority of electron diffraction patterns (EDPs) there are simultaneously two or three reciprocal lattice planes with common direction <110> Nb (Fig. 4f ). We analyzed this phenomenon in detail in our previous studies [20, 21] , and suggested the formation of Since the manufacturing of in situ Cu-Nb wires is a complicated multi-step process, and the material appreciably strengthens at every stage, it is necessary to use softening intermediate annealing to avoid fracture [16] . We reported on the effect of intermediate annealing on the structure and properties of Cu-Nb wires in several publications [14, [22] [23] [24] , and in the present study the thermal stability of multi-core Cu-Nb composites with different true strains has been studied.
The microhardness of as-deformed and annealed specimens is given in Table 1 . It is obvious that with the strain growth microhardness markedly increases, which may be due to the higher level of internal stresses and larger area of Cu/Nb interfaces because of more dispersed structure of Nb filaments. In general the behavior of the two samples at heating is similar, but still there are essential differences in it. Up to 400°C the microhardness practically does not change (Sample 1) or changes only slightly (Sample 2). The drastic drop of microhardness is observed after the annealing at 600°C, and in the more severely deformed rod (Sample 2) it drops from the higher to the much lower level. At higher annealing temperature (up to 800°C) the microhardness drop in both samples slows down. An analogous three-stepped decreasing of microhardness (at first slight, then sharp and, finally, slower) was observed in a number of studies on the behavior of metals annealed after various modes of SPD, e.g. in pure Nb nanostructured by high-pressure torsion (HPT) [25] [26] [27] [28] . It may be suggested that at the first stage the recovery proceeds and the level of internal stresses and dislocation density decrease. At the second stage grain boundaries get more equilibrium and start to Advanced Diffusion Processes and Phenomena migrate, dislocations annihilate, recrystallization starts, and crystallite sizes increase markedly. The third stage corresponds to the growth of the recrystallized grains. In the specimen with the higher true strain these processes are more pronounced because of the higher level of accumulated internal stresses and energy which are the main driving forces for recrystallization. In case of Cu-Nb nanocomposites these processes are as follows. At heating up to 400°C the structure changes only slightly. The Nb filaments still have mainly the ribbon-like shape and are curved around Cu grains (Fig. 5a ). Note that low dislocation density in Cu matrix results to a greater extent from the dynamic recrystallization rather than annealing. At higher annealing temperature Nb filaments start to coagulate. Their internal blocked structure disappears, dislocation density in them decreases and their shape markedly changes from flat curved ribbons to cylindrical "sausages" with bulges and waists. This structure is especially pronounced after the hightemperature annealing, 800°C (Fig. 5b,c) . The transverse sections of Nb filaments are round and coarse ( Fig. 5b ) and in longitudinal section they look like thick sausages (Fig. 5c ). The similar effect of annealing was observed in a number of publications, though different temperatures at which the Nb filaments coagulation starts were reported, ranging from 350°C to 500°C [16, [29] [30] [31] .
Summary
In the multi-core in situ Cu-Nb composites cold-drawn up to the true strain of 10.2 and 12.5 the Nb filaments have the ribbon-like shape with the thickness of several nm. The fiber texture is well developed in these composites, <110> Nb || <111> Cu || DD (the drawing direction), but there is some misorientation (of about 4 o ) between these two directions because of the partial coherence of Cu/Nb interfaces. At as low annealing temperature as 400 0 C the coagulation of Nb filaments accompanied by the microhardness decrease is observed. Complete recrystallization and coarsening of Nb filaments with drastic drop of microhardness occurs in the annealing temperature range of 600-800 o C. The structure obtained at multiple cold drawing gets less stable with the increasing true strain, but in general the thermal stability of Cu-Nb composites is higher than that of pure Nb and especially Cu nanostructured by SPD.
